Abstract-This paper presents a review of concepts for enabling the operation of a line-commutated converter (LCC) at leading power angles. These concepts rely on voltage or current injection at the ac or dc sides of the LCC, which can be achieved in different ways. We focus on the voltage and current injection by full-bridge (FB) arms, which can be connected either at the ac or dc sides of the LCC and can generate voltages that approximate ideal sinusoids. Hybrid configurations of an LCC connected at the ac side in series or in parallel with FB arms are presented. Moreover, a hybrid configuration of an LCC connected in parallel at the ac side and in series at the dc side with an FB modular multilevel converter is outlined. The main contribution of this paper is an analysis and comparison of the mentioned hybrid configurations in terms of the capability to independently control the active (P) and reactive power (Q).
I. INTRODUCTION
T HE thyristor-based line-commutated converter (LCC) has been employed since the 1960s for enabling the highvoltage direct current (HVdc) transmission. LCCs are operating only at lagging power angles due to their dependence on the grid voltage for commutation. The reactive-power consumption is usually quite high and should be supplied by the grid or by capacitor banks. This prohibits the connection of LCC to weak grids, in which case voltage-source converter (VSC) have been the most preferable option thus far. Therefore, enabling the operation of an LCC at leading power angles can render this technology as an attractive alternative to VSC for applications involving weak grids. The problem has been addressed already [1] , [2] . The main idea is the injection of a voltage pulse in series with the commutation voltage. This voltage pulse should be injected during the commutation interval, when the phase current is not zero. This implies that there is an energy transfer between the main circuit and the source injecting the voltage pulse. Thus, an active energy source is required. An alternative idea devoid of an active energy source is the capacitor-commutated converter (CCC) [3] - [5] . The introduction of a series capacitor enables the CCC to operate at leading power angles, but the uncontrollable capacitor-injected voltages lead to commutation failure after a grid fault [6] . This can be avoided by the addition of a three-phase VSC, which is able to control the injected voltages, acting as an active capacitor [6] . This is termed as an active-capacitor commutated converter (ACC).
Recently, the ideas of using a full-bridge (FB) VSC as an active capacitor or as a source of voltage pulses have been proposed in [7] and [8] , respectively. In [7] , it is shown that the capacitance of the FB can be significantly reduced by employing special modulation techniques, which account for variations of the capacitor voltage. In [8] , the alternative concept of voltagepulse injection is analyzed. This concept in this paper is similar to that in [1] and [2] , with the difference that the voltage-pulse injection is implemented by single-phase FB VSC and does not require an active energy source. This implementation requires less capacitance and is more compact than a CCC. However, the voltage rating of the FB VSC in both [7] and [8] needs to be relatively high, implying the need for series connection of semiconductor devices.
Shunt-current injection is another alternative [9] - [13] that uses a static VAr compensator (SVC) or a VSC connected at the ac side of an LCC. The concept is extended in [14] - [17] by connecting a two-level VSC in series at the dc side and in parallel at the ac side of the LCC. Compensation of either reactive power [15] - [17] or current harmonics [14] is achieved by injecting current at the ac side, while contributing to the active-power transfer via the series connection at the dc side. The drawback is that the dc-link voltage of the two-level VSC cannot be reversed, as for the LCC, which poses challenges during power reversal. This issue has been addressed in the Skagerrak HVdc link [18] , which is the first installation of a hybrid converter. The employed solution is based on reversing the pole connection of the VSC at the dc side via mechanical switches [18] . However, mechanical switching is slow and adds complexity. Another solution is to use a modular multilevel converter (MMC) [19] with FB cells, which is analyzed in this paper.
In general, cascaded FB converters, termed FB arms, are capable of generating voltages that approximate ideal sinusoids and thus, can be used to inject sinusoidal voltages or currents with reduced filtering requirements, as shown in [20] . Therefore, in this paper, the series voltage injection and shunt current injection concepts for reactive-power compensation of the LCC are revised by replacing the VSC with FB arms [21] , [22] . More specifically, the three-phase VSC and the capacitors of the ACC, as well as the shunt-connected VSC are replaced by FB arms per phase. These hybrid topologies of FB arms and the FB MMC with an LCC are presented in this paper.
The main contribution of this paper is the comprehensive analysis and comparison of these hybrid topologies in terms of dimensioning and PQ capability, i.e., the extent to which active (P) and reactive (Q) power can be controlled independently. The analysis consists of: 1) the investigation of the operational characteristics; and 2) the derivation of the equations that yield the voltage and current ratings of the FB arms for each hybrid topology. Moreover, the rating equations are used for analyzing and comparing the PQ capability of the mentioned hybrid topologies. To the best knowledge of the authors, such a comprehensive analysis and comparison has not been presented before.
The outline of this paper is as follows. In Section II, the hybrid topologies are presented and their basic operational characteristics are briefly discussed. Section III provides a more comprehensive analysis of the operating principles of each hybrid topology as well as the derivation of the rating relations. In Section IV, the rating equations are used for analyzing and illustrating the PQ capabilities of the hybrid topologies. Section V presents an overall comparison of the studied topologies based on several criteria. In Section VI, interesting observations regarding one of the topologies are briefly discussed. Finally, Section VII outlines the conclusions of this paper.
II. GENERAL DESCRIPTION OF HYBRID TOPOLOGIES

A. Hybrid Topologies With Voltage Injection
The hybrid topologies that exploit the FB arms for voltage injection are as follows: 1) topology for series compensation with FB arms connected in series at the ac side of the LCC (SAC)-one arm per phase (see Fig. 1 ); 2) topology for series compensation with FB arms connected in series at the dc side of the LCC (SDC)-two arms per phase (see Fig. 2 ). The series-connected FB arms at the ac side (SAC) topology shown in Fig. 1 is a variant of the ACC concept that is described in [6] . This topology relies on the injection of a controllable alternating voltage of the fundamental frequency V fa in series with the grid voltage V sa . This voltage injection allows the thyristors to be fired at negative firing angles α and the converter can commutate even under reduced grid voltage in case of faults. Although these features can be achieved with a passive capacitor, the issue of commutation failure [6] can be resolved only by the active capacitor. The series-coupling transformers of the ACC [6] can be eliminated by replacing the VSC by FB arms. However, the FB arm cannot handle active power and hence, the injected voltage V fa and the LCC current I sa1 must be orthogonal, i.e., have a phase difference of 90
• . An alternative to the ACC and the SAC would be the combination of an LCC with a thyristor-controlled series capacitor (TCSC). The main differences between the TCSC and the FB arms of the SAC are the efficiency, the capacitor-energy requirements, the voltage harmonics, and the dynamic performance. More specifically, the TCSC is more efficient due to the use of thyristors and low switching frequency. Moreover, the voltage of the capacitor of the TCSC is alternating, i.e., ac capacitors are utilized, while this of the capacitors of the SAC must remain relatively constant, i.e., dc capacitors must be utilized. Thus, the capacitors of the SAC must be charged in average at a specific energy level, as well as cope with the second-order harmonic ripple due to the instantaneous-power variation for each phase. This may lead to higher energy requirements for the capacitors of the SAC compared to the TCSC. However, the TCSC introduces voltage harmonics due to the switching of the associated thyristor-controlled reactor [24, Ch. 6] . Therefore, harmonic filters may be needed in order to inhibit the propagation of such harmonics to the grid. In terms of dynamic performance, the TCSC would require at least one fundamental cycle for altering the injected voltage [24, Ch. 6] . This response time may not be adequate for avoiding commutation failures in cases that the grid voltage is recovering from a previous dip, as presented in [6] . Due to these shortcomings of the TCSC this paper focuses on the SAC.
Another variant of series voltage injection is the seriesconnected FB arms at the dc side (SDC) topology, as shown in Fig. 2 . In this topology, the FB arms are connected at the dc side of the LCC. This means that the current through the FB cells is unidirectional and thus, these cells may be simplified by eliminating semiconductor switches that are only needed in case of bidirectional current. This idea is used in [25] for simplifying the half-bridge cell. Also for this converter, the orthogonality between the injected voltage V fa and the LCC current I sa1 must be maintained.
A special characteristic of the SAC and SDC topologies is that the thyristors can be replaced by diodes provided that the FB arms have adequate voltage rating for blocking potential dc faults [26] .
B. Hybrid Topology With Current Injection
The topology shown in Fig. 3 relies on shunt current injection that is performed by connecting three FB arms (one per phase) in parallel at the ac side of the LCC. This hybrid topology is termed PAC, which stands for parallel compensation with FB arms connected in parallel at the ac side of the LCC. The reduced filtering requirements of the FB arms makes them favorable compared to a conventional two-level converter. As a matter of fact, the FB arm can be used for filtering the LCC current. Yet, this is not studied in this paper. Note that the operation of the FB arm is independent of the operation of the LCC. Thus, the FB arm can provide reactive-power support to the grid, even if the LCC is completely blocked. The main difference of the PAC compared to the SAC topology is that the commutation voltage cannot be changed by the FB arms, as this is always provided by the grid. Nevertheless, that the amplitude and phase angle of the fundamental grid current I sa1 can be controlled by the FB arms via the injection of an ac current of the fundamental frequency I fa1 that interacts with the LCC fundamental current I ra1 . Finally, note that the orthogonality requirement between the injected current I fa1 and the converter bus voltage V fa applies for the PAC, similarly to the series injection converters.
Alternative options for current injection would be the SVC or a two-level VSC. In terms of efficiency, the SVC and the twolevel VSC-operated at a low switching frequency-may be more advantageous than the FB converter of the PAC. However, the FB converter introduced in the PAC exhibits functional advantages compared to the SVC and the two-level VSC. The main of these advantages is the superior harmonic performance. Both the SVC [24, Ch. 5] and the two-level VSC-with low switching frequency-generate low-order current harmonics, for which additional filters are required. Moreover, the main difference between the FB converter and the SVC is the VI characteristic [24, Ch. 5] . The SVC exhibits a resistive VI characteristic, which implies that the current injected by this converter is dependent on the grid voltage. This may lead to inadequate reactive-power support of the LCC in cases of significant dips of the grid voltage. In summary, due to its performance advantages, this paper focuses on the PAC equipped with an FB converter.
C. Hybrid Topology With FB MMC
Finally, the hybrid topology that uses an FB MMC for handling both reactive and active power is termed series-and parallel-connected FB MMC at the dc and ac sides, respectively (SPM), and is shown in Fig. 4 . The orthogonality requirement does not apply to the SPM topology, where the FB MMC can handle active power due to its connection with the dc link of the LCC, as shown in Fig. 4 . Moreover, since the dc-link voltage of the FB MMC V d2 is controllable from rated positive V d2,r to rated negative −V d2,r value [26] , the total dc-link voltage V d1 + V d2 can be controlled by the FB MMC. In the special case that the rated dc-link voltage of the LCC V d1,r is equal to V d2,r , the total dc-link voltage V d1 + V d2 can be controlled exclusively by the FB MMC. In this way, for rectifier operation the LCC can be operated at minimum firing angle and the dc-link voltage can be controlled between the rated value V d1,r + V d2,r and zero by varying the FB MMC voltage between V d2,r and −V d2,r , respectively. As a result, the LCC is operated at a fixed point with minimum reactive-power consumption while the FB MMC is able to control the active power through the dc link. Similarly, for inverter mode the LCC can be operated at minimum extinction angle that leads to the minimization of reactivepower consumption. Furthermore, this minimum reactive power consumed by the LCC can be provided by the FB MMC if this is rated accordingly. Finally, note that this topology is similar to the 12-pulse LCC and thus, a transformer is needed for isolating the ac system from the dc link.
III. OPERATING PRINCIPLES AND RATING COMPARISON OF THE CONSIDERED HYBRID TOPOLOGIES
In this section, the operation of the hybrid topologies under consideration is described with the help of phasor diagrams. In addition, the main equations for dimensioning the FB arms of each hybrid topology are presented. These equations are used for estimating the rating of the FB arms for all hybrid topologies. In order to compare these ratings, a per-unit (p.u.) system is defined based on an LCC that is rated for apparent power equal to the product V d0 I d , where V d0 is the dc-link voltage for firing angle α = 0
• and I d is the dc-link current. Based on this, the base voltage V base , current I base , power S base , and impedance Z base of the p.u. system are defined as follows:
where V sa,rms is the rms voltage and I sa,rms is the rms fundamental current at the ac bus of the aforementioned LCC. Note that (1) and (2) are fundamental relations of the LCC [27] . This definition of the p.u. system and the assumption that all hybrid topologies are rated for the same power transfer V d0 I d establish a fair base of comparison.
A. Hybrid Topologies With Voltage Injection
The phasor diagrams that visualize the concept of series compensation are presented in Fig. 5 . The significance of the phasor diagram of Fig. 5 for the advanced commutation of the thyristors becomes more clear by considering the voltage seen by thyristor T 1 in the SAC topology. This voltage can be estimated by assuming that T 5 is conducting, which means that voltage V sc − V fc appears at the cathode of T 1 . By using Kirchhoff's voltage law in the loop formed by V sc , V sa , T 5 , and T 1 , the voltage V T 1 at the terminals of T 1 for the SAC is given by
where V ma and V mc are the commutation voltages at the anodes of T 1 and T 5 (or at the midpoint of phase legs a and c), respectively, and V sac and V fac are the line-to-line grid and injected voltages, respectively. In case the injected voltages are zero, then V T 1 is equal to the line-to-line grid voltage V sac . This corresponds to the LCC case, where the commutation voltages V ma and V mc are equal to the grid voltages V sa and V sc , respectively. Thus, the thyristor commutation relies solely on the grid voltages. However, by injecting the voltages V fa and V fc the commutation voltages can be phase shifted by the angle ϕ with respect to the grid voltages, as shown in Fig. 5 for phase a. As a result, the SAC topology can commutate at earlier time instants than the LCC, provided that the commutation voltage is leading the grid voltage. Similarly, the voltage V T 1 at the terminals of T 1 for the SDC topology is given by
By comparing (5) and (6) and considering that the injected voltages must be orthogonal to the corresponding line currents, it can be concluded that V fa and V fc of the SAC topology must be equal to −V fau and V fcu of the SDC topology. This implies that, for achieving the same commutation voltage, the rating of both the upper and lower FB arms of the SDC should be the same as that of a single arm of the SDC topology. This can be shown by considering that the voltage seen by T 4 of the SDC is expressed by
Equation (7) reveals that if V fal = −V fau and V fcl = −V fcu , then V T 4 = −V T 1 for the of the SDC topology. This is valid by default for the of the SAC topology, since V fa and V fc are common for the thyristors of phase legs a and c, respectively. Therefore, the SDC topology requires FB arms with double voltage rating compared to the SAC topology for achieving the same phase shift ϕ. Note that, even though the phasor diagrams in Fig. 5 correspond to the SAC topology, the phasor diagram for SDC is similar based on the brief commutation analysis. Fig. 5 illustrates the injection of voltage V fa in series with the grid voltage V sa , which leads to the commutation voltage V ma . For firing angle α equal to zero, the fundamental phase current I sa1 of the LCC is in phase with the commutation voltage V ma , as depicted in the left-side diagram of Fig. 5 . As a result, the phase difference ϕ of the fundamental current I sa1 and the grid voltage V sa coincides with the phase difference of the commutation and grid voltages. Yet, this represents a specific case of operation of the SAC topology.
The operation of the SAC is more generally described by the right-side graph of Fig. 5 , for which α = 0
• . The firing angle α in this graph introduces a phase difference between the commutation voltage V ma and the fundamental current I sa1 . This is analogous to the conventional LCC, for which the firing angle introduces a phase difference between the fundamental current I sa1 and the grid voltage V sa that is also the commutation voltage. As previously mentioned, the injected voltage V fa and the fundamental current I sa1 , flowing through the FB arm of phase a, must be orthogonal and thus, phasors V ma , V fa , and I sa1 must form a right triangle. The same applies for the phasors V sa , V fa , and I sa1 . By using the common edge of these triangles, the relationship between the commutation voltage V ma and the grid voltage V sa can be expressed aŝ
whereV ma andV sa are the amplitudes of the commutation and grid voltage, respectively, and ϕ is the power angle. The relation that yields the required injected voltage V fa for achieving a specific power angle ϕ can be derived by considering the orthogonality requirement between I sa and V fa , as shown in [23] , and is as follows:
By using (9), the required voltage rating of each FB arm in the SAC topology can be estimated as a function of ϕ. The results for various firing angles of the LCC are shown in Fig. 8 .
Since the current rating of each FB arm should be equal to the fundamental current of the LCC, Fig. 8 indirectly illustrates the required apparent power of each arm. As expected, the required apparent power increases with increasing power angle ϕ and with increasing firing angle α due to the increased reactivepower demand.
The voltage and current rating of each FB arm of the SDC is the same as for the SAC. Yet, for operating both hybrid converters in the same way, six FB arms are required in total for the SDC, instead of three for the SAC. However, since the FB arms are connected in series with each thyristor valve, the voltage stress can be shared. This voltage stress should be equal to the line-to-line voltageV ll = √ 2V ll,rms , as for a thyristor valve of an LCC. This can be expressed as follows:
V th +V fbar =V ll (10) whereV th andV fbar are the blocking voltage of each thyristor valve and the corresponding FB arm, respectively. If the FB arm handles just a portion k vb of the total voltage stressV ll , (10) can be rewritten aŝ
where k vb represents the ratio of the arm's blocking voltage and the total voltage stressV ll . Furthermore, (11) shows that the required blocking voltage of the thyristor valve decreases with increasing blocking voltage (or voltage rating) of the FB arm. Hence, the increasing voltage rating shown in Fig. 8 would lead to a decreasing blocking voltage of the thyristor valves of the SDC. A reasonable question that emerges from the analysis is whether there is a minimum voltage that should be supported by the FB arms of the SAC or the SDC. Actually, there is no minimum voltage requirement as both converters may operate even if all FB arms bypassed. However, the specific application requirements may dictate a minimum voltage limit. Examples of such application requirements would be the immunity to amplitude fluctuations of the grid voltage, which would require voltage injection for sustaining a reliable commutation voltage, or the immunity to commutation failures, which would demand voltage injection for maintaining a high commutation margin.
Moreover, the unidirectional current of the LCC imposes functional limitations on the FB arms of the SAC and SDC topologies. More specifically, the operation of the LCC as a current source on the dc side results to a current with a fixed amplitude on the ac side. As a result, the FB arms cannot alter the amplitude of this current and hence, operate as variable impedances rather than voltage sources. Moreover, in the case of the SDC, an additional limitation stems from the unidirectional current flow through each arm of the hybrid converter. This limitation is related to the maintenance of zero energy exchange between the FB arms and the grid. In order to clarify, consider that, ideally, a current equal to the dc-link current flows through each thyristor valve of the LCC, for a duration equivalent to 120
• per fundamental cycle. Assuming that this current flows through each FB arm, it follows that the injected voltage must be bidirectional in order for the integral of power over time to be equal to zero. More specifically, the zero crossing of the injected voltage is strictly defined by the arm-current waveform. This zero crossing must occur in the middle of the current waveform, which means after 60
• from the beginning of current flow through the thyristor valve. Consequently, half-bridge arms cannot be used instead of FB arms for the SDC topology.
B. Hybrid Topology With Current Injection
The operation of the PAC topology is based on current injection for compensating the reactive power of the LCC, as illustrated by the phasor diagrams in Fig. 6 . These phasor diagrams show that the injected current I fa1 interacts with the current of the LCC I ra1 so that the grid current I sa1 is regulated in terms of both amplitude and phase angle. Note that the main differences of the PAC topology from the SAC topology are that the commutation voltage coincides with the grid voltage, similarly to a conventional LCC, and that the grid current does not coincide with the LCC current I ra1 . These differences can be observed also by comparing Figs. 1 and 3 .
In addition, Fig. 3 shows that each FB arm of the PAC topology is connected to the ac bus of the LCC via a coupling inductance, which may represent a transformer leakage inductance, in the case a transformer is used for the connection. Essentially, it is the voltage drop across this coupling inductance V xa that defines the amplitude of the injected current I fa1 . Thus, the FB arm should be able to generate a voltage V fa that can create a suitable voltage drop V xa for achieving a specific power angle ϕ. Fig. 6 shows both of these voltages as well as their orthogonality relationship with the injected current I fa1 . The orthogonality requirement ensures that the FB arms neither absorb nor inject any active power from or to the grid and in this case implies that V fa must be in phase with the grid voltage V sa . Thus, the injection of I fa1 impacts only the reactive component of the grid current I sa1 , which allows the PAC topology to independently control active and reactive power.
However, the extent that reactive power can be controlled is dependent on the current rating of the FB arm. This required current rating for achieving a specific power angle ϕ can be derived by considering the components of current phasors in Fig. 6 , as shown in [23] , and is given bŷ
whereÎ ra1 is the amplitude of the fundamental current drawn by the LCC. In addition, for being able to inject the current defined by (12) , the FB arm needs to have a voltage ratingV fa that is given byV fa =V sa +V xa =V sa +Î fa x La (13) whereV sa andV xa are the amplitudes of the grid voltage and the voltage drop on the coupling inductance x La , respectively. By using (12) and (13) and assuming a coupling inductance of 0.12 p.u., the required current and voltage ratings of each FB arm are estimated as a function of ϕ. The results for various firing angles are shown in Fig. 9 .
C. Hybrid Topology With FB MMC
Finally, the SPM topology can be considered as an extension of the PAC topology toward enabling the FB arms to handle also active power. This extension is achieved by modifying the three FB arms to an FB MMC and connecting its dc link in series with that of the LCC. The FB MMC is able to regulate the dclink voltage, and hence the power, of the SPM topology. Such operation could not be achieved with other VSC, such as two-or three-level VSC, or even the half-bridge MMC. The control of active and reactive power by the FB MMC of the SPM topology is illustrated in the phasor diagrams in Fig. 7 . Fig. 7 shows the voltage V fa and current I fa1 phasors of the FB MMC for a case where this converter handles either both active and reactive power (left-hand diagram) or only reactive power (right-hand diagram). Similarly to the PAC topology, the voltage drop V xa across the coupling inductance x La defines the current I fa1 that is injected by the FB MMC. In both phasor diagrams in Fig. 7 , note the introduction of angle β, which is the phase difference between the injected current I fa1 and the For facilitating the analysis and discussion, the complementary voltage ratios k v and k s are defined as
where k v and k s indicate the portion of the dc-link voltage that is handled by the FB MMC and the LCC, respectively, V d1,r and V d2,r are the rated dc-link voltages of the LCC (i.e., for α = 0 • ) and FB MMC, respectively, while V d,hyb is their sum. For ensuring that the dc-link power rating of the SPM is the same as for the other hybrid converters, V d,hyb is defined based on the p.u. base values as follows:
Based on (14) and (15), the voltage at the ac bus of the LCC should be scaled according to k s (or k v ), since V d1,r represents the dc-link voltage of the LCC for α = 0
• . IfV sa,s is defined as the voltage at the ac bus of the LCC, its relation with the p.u. base voltageV sa can be derived by combining (14) and (15) as follows:
whereV sa is the voltage at the primary side andV sa,s is the voltage at the secondary side of the transformer (i.e., at the ac bus of the LCC) of the SPM. Equation (16) is important becausê V sa,s is used as a base for dimensioning the FB MMC. More specifically, the required voltage rating of the FB MMC for achieving a specific I fa1 can be given by
where I fa1 represents the required current rating of the FB MMC for achieving a specific ϕ for the SPM. This current rating can be estimated from the phasor diagrams in Fig. 7 , by summing the x-and y-axis components of the grid current I sa1 and the LCC current I ra1 as follows:
The amplitudeÎ 2 fa1 can be estimated by summing the squares of (18) and (19) . By considering also the trigonometric identity cos 2 δ + sin 2 δ = 1, it follows that:
Finally,Î fa1 can be derived by rewriting (20) and β by rewriting (18) as follows:
At this point, it is convenient to substitute k s in (21) and (22) . Thus, by considering that V d1,r I d = (3/2)V sa,sÎra1 and (V d1,r + V d2,r )I d = (3/2)V sa,sÎsa1 , the fundamental current of the LCC (I ra1 ) can be expressed in terms of k s as
Based on (23), both (21) and (22) can be transformed intô
where β is the phase difference of I fa1 and V sa , hence, representing the power angle of the FB MMC. The voltage rating of the FB MMC can now be estimated by analyzing (17) in the x-and y-axis components, following a similar approach as for I fa1 . Note that V sa can be represented simply by its amplitude, since it is considered the reference with argument equal to zero. Furthermore, from the phasor diagrams in Fig. 7 it can be seen that the argument of V xa = I fa1 x La is γ = (β + π/2), where (π/2) is the phase difference of V xa from I fa1 . Based on these definitions, the amplitude and argument of V fa can be expressed as follows:
Finally, by using (24)- (26), the required ac-side current and voltage ratings of the FB MMC in the SPM topology are estimated as a function of the power angle ϕ. However, the amplitude of the grid current I sa1 and the voltage ratio k s must be defined. For this analysis, the dc-link voltage ratios are selected as k s = 0.5 = k v , which represents the special case of operation of the SPM that was explained before. According to this selection, the LCC can be operated at minimum firing angle and the dc-link voltage, and thus power, can be fully controlled by the FB MMC. Moreover, the amplitude of the grid currentÎ sa1 is set to 1/ √ 2 p.u. for all power angle ϕ. Thus, the phasor I sa1 is moved along the dashed curve shown in Fig. 7 , depending on the desired value of ϕ. The results are depicted for various firing angles of the LCC in Fig. 10 . Nevertheless, each of the six FB arms of the SPM should be dimensioned according toV fa , I fa1 , as well as the dc-link voltage V d2 and current I d as follows [19] , [28] :
whereV arm andÎ arm are the total voltage and current ratings of each FB arm, respectively.
D. Rating Comparison of the Considered Hybrid Topologies
A comparison of the considered hybrid topologies can be performed after estimating the required voltage and current ratings for the FB arms. This comparison is performed by assuming a firing angle α = 15
• for the LCC of all hybrid topologies. This value of α is chosen because it represents the minimum firing angle at which LCCs are typically operated [27, Ch. 3] . Moreover, since the arms of the SPM are rated a bit differently than the rest of the topologies, the combined-power rating of all arms of each topology is used as a base for the comparison. This rating (S comb ) is defined as [28] S comb = N aVarmÎarm (28) where N a is the total number of arms per hybrid topology. The combined power rating S comb is just the product of the voltageV arm and current ratingsÎ arm of each FB arm of a hybrid converter, multiplied by the number of arms N a for the same converter. As such, S comb simply represents the power handling capability of all FB arms. Hence, normalizing the total S comb by the power handled by the corresponding converter serves as a utilization index of the FB arms. Moreover, the variables N a , V arm , andÎ arm for each topology are defined as follows: 1) SAC: N a = 3,V arm =V fa ,Î arm =Î fa1 ; 2) SDC: N a = 6,V arm =V fa ,Î arm =Î fa1 ; 3) PAC: N a = 3,V arm =V fa ,Î arm =Î fa1 ; 4) SPM: N a = 6,V arm ,Î arm according to (27) . Finally, the combined-power rating of all arms for all topologies is shown in Fig. 11 , which shows that the minimum combined-power rating is achieved with the SAC. Similar rating is required for the PAC for power angles up to 20
• , whereas beyond this value the rating of the SAC scales better. However, the operation of the PAC is not limited by the thyristor voltage stress and thus this topology can be controlled more flexibly than the SAC. Moreover, the rating of the SDC is double that of the SAC. However, the advantage of this topology over the SAC is that its arms contribute to lowering the rating of the LCC, as indicated by (11) . The same is valid for the SPM, as shown by (14) . The additional benefit of the SPM is that the LCC is always operated at minimum α, which leads to minimization of reactive-power consumption and harmonics. Moreover, the dc-link power can be fully controlled by the FB MMC and thus the SPM is more flexible in terms of control. In summary, even though the SAC is the best option in terms of rating, this comparison does not allow for solid conclusions. Thus, more criteria should be added for a more complete comparison. The PQ capability can serve as an interesting criterion, as this is an important limitation of the conventional LCC. Hence, the PQ capability of all hybrid topologies is investigated and compared in Section IV.
IV. PQ CAPABILITY ANALYSIS AND COMPARISON OF THE CONSIDERED HYBRID TOPOLOGIES
In this section, the PQ capability of the studied hybrid topologies is analyzed based on the corresponding phasor diagrams and rating equations. The main LCC characteristic that is impacted by the introduction of FB arms is the active-reactive (PQ) capability. Since the active and reactive power of the LCC cannot be controlled independently and the LCC reactive-power consumption is significant, the introduction of the FB arms in the hybrid topologies may serve the following two purposes: 1) compensate the reactive-power consumption of the LCC; 2) partially decouple the active-and reactive-power control of the LCC.
A. Hybrid Topologies With Voltage Injection
The concept of voltage injection is illustrated in the phasor diagrams of Fig. 5 . The impact of voltage injection on the dc-link voltage of the SAC topology is now studied. For a conventional LCC, the dc-link voltage V d is a function of the amplitude of the commutation voltageV ma and the firing angle α, as described by
The commutation voltage of a conventional LCC coincides with the grid voltage, if the small transformer leakage inductance that is interposed between the grid and the LCC terminals is neglected. Thus, since the grid voltage is constant under normal operation, from (29) follows that the dc-link voltage of a conventional LCC depends only on the firing angle α. In contrast, the commutation voltage of the SAC topology depends on the voltage that is injected for achieving a specific power angle ϕ, as described by (8) . Therefore, the expression of the dc-link voltage for the SAC can be derived by substituting (8) in (29), which yields
Equation (30) shows that the dc-link voltage of the SAC topology is no longer dependent on the firing angle α, but on the power angle ϕ instead. However, (29) and (30) are analogous and imply that the dc-link voltage is always dependent on the phase difference between the grid voltage and the fundamental current flowing through the LCC. Since this phase difference defines both active and reactive power at the same time, the independent control of active and reactive power is not possible. Moreover, (30) could be assumed to represent the dclink voltage of a hypothetical LCC, whereV sa represents the commutation voltage and ϕ represents the "firing angle." Based on this, the operating point of the SAC can be described by the following equation:
Since the injection of V fa impacts the amplitude of the commutation voltageV ma , ϕ is affected by the injected voltage for a certain α, based on (8). Thus, from (31) it follows that the injected voltage modifies both the active (P hyb ) and reactive (Q hyb ) power of the SAC.
B. Hybrid Topology With Current Injection
The operation of the PAC topology is based on current injection for compensating the reactive power of the LCC, as illustrated by the phasor diagrams in Fig. 6 . These phasor diagrams show that the injected current I fa1 interacts with the current of the LCC I ra1 so that the grid current I sa1 is regulated in terms of both amplitude and phase angle. Note that the main differences of the PAC topology from the SAC topology are that the grid current does not coincide with the LCC current I ra1 and the commutation voltage coincides with the grid voltage, similarly to a conventional LCC. Therefore, current injection does not impact the dc-link voltage, in contrast to voltage injection. These differences can be observed also by comparing Figs. 5 and 6.
The relation that describes the PQ capability of the PAC can be derived by expressing the amplitude of the grid currentÎ sa1 with respect to the current injected by the FB armÎ fa1 and the current of the LCCÎ ra1 . Hence, by considering the components of the respective current phasors in Fig. 6 , the amplitudeÎ sa1 can be expressed bŷ
Moreover, by using (32) it follows that 
where Q fa is the reactive power injected by the FB arms of the PAC topology. This reactive power can be regulated by varying the amplitude of the injected currentÎ fa1 . The injected current I fa1 modifies the amplitude and phase angle of the current seen by the grid I sa1 without impact on the current of the LCC I ra1 . Therefore, the reactive power (Q hyb ) of the PAC topology can be modified without imposing any change to the firing angle and thus, the active power of the LCC. Yet, for a given power rating of the FB converter, the maximum reactive power that could be generated by the hybrid PAC topology is dependent on the firing angle of the LCC.
C. Hybrid Topology With FB MMC
Finally, the SPM topology can be considered as an extension of the PAC topology toward enabling the FB arms to handle also active power. This extension is achieved by introducing an FB MMC and connecting its dc link in series with that of the LCC. Fig. 7 shows the voltage V fa and current I fa1 phasors of the FB MMC for a case where this converter handles either both active and reactive power (left-hand diagram) or only reactive power (right-hand diagram). Similarly to the PAC topology, the voltage drop V xa across the coupling inductance x La defines the current I fa1 that is injected by the FB MMC. In both phasor diagrams of Fig. 7 , note the introduction of angle β that is the phase difference between the injected current I fa1 and the grid voltage V sa . Angle β defines the power factor of the FB MMC.
The FB MMC must be controlled in such a way that power balance between the ac and dc sides is ensured, i.e.,
Due to the current-source behavior of the LCC, the dc-link current I d in (34) is constant. Therefore, the dc-link power can be controlled only by means of the dc-link voltage V d2 , which should be controlled so that
Equation (35) shows that V d2 should be controlled according to the power angle β and the amplitude of the injected currentÎ fa1 of the FB MMC. In the case where the FB MMC is supplying only reactive power and thus, β = 90
• , V d2 must be set to zero, whileÎ fa1 can be altered arbitrarily. Nevertheless, when β < 90
• , V d2 must be positive and changed according toÎ fa1 . The same applies when β > 90
• but V d2 must be negative instead. By considering the specific cases where β = 0
• or β = 180
• , (35) shows that V d2 can be controlled between 0 and its rated positive value V d2,r or between 0 and its rated negative value −V d2,r . Therefore, by selecting a direct-voltage ratio k v of 0.5, the dc-link voltage of the SPM can be fully controlled by the FB MMC. Thus, the LCC can always be operated at the firing angle α that corresponds to the minimum reactive-power consumption. However, for compensating this reactive power, the FB MMC should be oversized with respect to its active-power transfer capability P d,VSC = V d2,r I d .
In order to define the relationship between active and reactive power of the SPM, a similar process as for the PAC topology is followed. First, by summing the squares of the current phasor components in (18) and (19), the amplitude of the grid current • (black line) and the ideal PQ curve-representing the boundary of a PQ curve achieved by a VSC with apparent-power rating equal to S b ase -(dashed gray line). The rating of all topologies estimated for achieving ϕ = 45
• at α = 15 • .
can be expressed as follows:
Thus, by considering (36) it follows that:
In general, (37) is similar to (33) but extended to include the term P fa that represents the active power of the FB MMC. This term implies that the FB MMC may be used to alter the active power (P hyb ) of the hybrid SPM topology, unlike in the case of the PAC topology. Moreover, (37) shows that, unlike the PAC topology, both active (P hyb ) and reactive (Q hyb ) power of the SPM topology can be modified without altering the operating point of the LCC. More specifically, the LCC can operate at a fixed firing angle while the FB MMC can be controlled to generate or consume active or reactive power and thus, modify the operating point of the SPM topology. Based on this, it is possible for the LCC to supply active power to the dc link while the FB MMC is absorbing active power from the dc link and thus, counteracting the LCC. As a result, the dc-link power can be zero even if the LCC is operating as rectifier at minimum firing angle, which corresponds to maximum active-power transfer from the LCC to the dc link. In such case, the dc-link voltage of the LCC is at maximum value, while the dc-link voltage of the FB MMC must be at the same value but with opposite sign. Hence, the FB MMC should have adequate voltage rating, which is ensured by k v ≥ 0.5. 
TABLE I ESTIMATED REQUIRED RMS RATINGS OF FB ARMS FOR ACHIEVING
ϕ = 45 • WHILE α = 15 • Topology V a r m (p.u.) I a r m (p.u.) S c o m b (p.u.) S L C C (p.u.) SAC
D. PQ Capability Comparison of the Considered Hybrid Topologies
The PQ capability is illustrated by the PQ curves of each hybrid converter, which are presented in Fig. 12. Fig. 12 shows the PQ curve of the LCC represented by the solid line, the extension of the PQ curve that is achieved by the FB arms represented by the light gray line/area and the ideal PQ curve represented by the dashed gray line. Note that the ideal curve represents the boundary of the PQ curve that could be achieved by using a VSC with apparent-power rating equal to the p.u. base S base . In this way, Fig. 12 illustrates how closely the PQ curve of each hybrid converter approximates that of a VSC. The PQ curve of the LCC is located in the region of inductive reactive power, which is defined as negative in this paper. Moreover, the FB arms enable the extension of the PQ curve in the region of capacitive reactive power, which is defined as positive in this paper. Note that the PQ curves of each hybrid topology were generated by considering FB arms that are rated for achieving a power angle ϕ = 45
• , while the LCC is operating at a firing angle of α = 15
• . The reason for focusing on ϕ = 45 • is that the associated FB arm ratings enable the PAC and SPM to achieve a quite wide PQ curve. More specifically, the PQ curve of the SPM approximates-and for some operating points surpasses-the ideal curve. The resulting ratings of the FB arms are summarized in Table I .
The left graph of Fig. 12 depicts the PQ curve of the SAC and SDC topologies and shows that the active and reactive power of the SAC cannot be controlled independently. The operating point of the SAC and SDC topologies can be moved only over the gray and black curves, which leads to a change in both active and reactive power. The immediate implication is that on-load tap changing is needed for reducing the reactive-power consumption of the hybrid converter if the dc-link power must be low.
The PQ curve of the PAC is presented in the middle graph of Fig. 12 , which shows that the operating point of the PAC topology can be anywhere in the gray area, while the operating points of the LCC can be only on the black curve. The dashed curve represents again the ideal PQ curve. Note that the maximum reactive power that can be generated is represented by the upper bound of the gray area in Fig. 12 (middle graph) and is related to the operating point of the LCC. This maximum capacitive reactive-power mode can be described by (33) if it is assumed that the FB arms are operating at their maximum capacitive reactive-power Q fa,max . This leads to
Equation (38) represents a PQ curve similar with that of the LCC but offset by Q fa,max . Thus, as the firing angle α is approaching 90
• , the capacitive reactive power of the PAC is reduced. Similarly, the maximum reactive power that can be consumed is represented by the lower bound of the gray area in Fig. 12 (middle graph).
Moreover, when the LCC is operating at minimum firing or extinction angles, which means close to the points (P, Q) = (1, 0) or (P, Q) = (−1, 0), respectively, the FB arms can be used to boost the apparent power of the converter beyond the ideal PQ curve by supplying full capacitive or inductive reactive power. This means that the reactive-power capability of the PAC topology is quite high when the LCC is operating at high active-power levels. Conversely, the reactive-power capability of the PAC topology is significantly reduced when the LCC is operating at low active-power levels or close to firing angle α 90
• . This is particularly important if on-load tap changing is eliminated, which means that for low active-power transfer the LCC must operate at firing angles close to 90
• . This is the reason why the control of active and reactive power is characterized as partially independent for the PAC topology.
The SPM topology offers also a partially independent control of active and reactive power but with slightly different characteristics than that of the PAC topology. The FB MMC in the SPM is connected in such a way so that it can handle both active and reactive power by modifying its dc-link voltage and by injecting current at the grid side of the LCC, respectively. This means that the FB MMC is able to operate at its full PQ capability, while the LCC operating point is anywhere along its PQ curve. The PQ capability of the SPM is illustrated in the right-hand graph of Fig. 12 , which shows that the operating point of the SPM topology can be anywhere in the gray area. This graph is based on (37), which can be interpreted as a circular area, the center of which is defined by P LCC and Q LCC . Thus, the PQ curve of the SPM can be visualized as a circular area that can be moved by being centered anywhere along the LCC PQ curve. Based on this, the right-hand graph in Fig. 12 actually illustrates all the possible positions of the circular PQ area of the FB MMC with respect to the LCC PQ curve.
V. OVERALL COMPARISON OF THE CONSIDERED HYBRID TOPOLOGIES
Finally, the studied hybrid topologies can be compared based on the findings of the investigations presented so far, which are summarized in Table II . Note that the information included in Table II includes the required current capability of the FB arms (i.e., unidirectional, bidirectional, as shown in [25] for the half-bridge MMC), the combined-power rating for achieving ϕ = 0-45
• , the apparent-power rating of the LCC and the PQ capability. In addition, Table II includes the same information for a pure FB MMC with the same active-power rating and the same ac-bus voltage as the SPM. Thus, the pure FB MMC can serve as a reference case. Table II shows that the SAC is the hybrid topology with the minimum combined-power rating of the FB arms. This rating is doubled for the SDC. This is because two FB arms are needed per phase, instead of one in the case of the SAC. Nevertheless, the FB arms of the SDC are introduced at the dc side. This means that the FB arms of the SDC need to conduct the dc-link current and thus, can have unidirectional current capability. In this way some of the switches may be eliminated.
Moreover, the FB arms at the dc side may contribute to reducing the voltage stresses on the thyristors. As a result, the apparent-power rating of the LCC can be reduced according to the blocking voltage ratio k vb , as defined in (11) . On the other hand, the SAC does not allow such a reduction and additionally its voltage injection may lead to the increase of the voltage stresses on the thyristors, as for the CCC. However, the SAC can be controlled so that the voltage stresses of the thyristors remain equal to that of a conventional LCC. In any case, since two FB arms are always in the conduction path for both the SAC and the SDC topologies, the reduced LCC rating should enable the SDC to operate with lower losses than the SAC.
Both the SAC and the SDC control the reactive power by means of voltage injection. However, voltage injection impacts the dc-link voltage and thus, the active power. Thus, the voltage injection allows both topologies to control the dc-link voltage but inhibits the independent control of active and reactive power. As a result, both of the these topologies offer a marginal enhancement of the PQ capability compared to a conventional LCC.
The PAC and SPM topologies exhibit significantly enhanced PQ capability by decoupling the control of active and reactive power. Note though that for both topologies, the required current and voltage ratings required for such a broad PQ curve are quite high, as depicted by Figs. 9 and 10. Aside from this, the combined-power rating of the FB arms is more favorable for the PAC topology. Thus, the PAC can be more preferable in terms of rating and specifically when the desired ϕ is small, i.e., ϕ < 25
• . In such case the combined-power rating of the FB arms for the PAC is half than for the SPM.
On the other hand, the apparent-power rating of the LCC can be reduced for the SPM topology, as the FB MMC is handling Furthermore, the dc-link voltage of the SPM can be fully controlled by the FB MMC, provided that k v = 0.5. This allows the operation of the LCC at minimum reactive power and the regulation of the dc-link power via the FB MMC. This is not possible for the PAC, for which the dc-link voltage is controlled by the LCC. Table II shows that the combined-power rating of the FB arms for a pure FB MMC is not much higher than that of the SPM for achieving ϕ = 45
• . Even though the SPM may be favored in terms of losses, the pure FB MMC enables fully independent control of active and reactive power, eliminates undesired reactive-power consumption and has low filtering requirements. Thus, the pure FB MMC may be preferred in some cases. Nevertheless, the SPM can prove a competitive alternative to the pure FB MMC in case losses are of great importance. The same applies for the PAC for which the bulk of the active power is handled by the LCC. Both the PAC and SPM could prove even more beneficial as the required ϕ is reduced.
At this point, some practical aspects regarding the semiconductor switches of the FB arms should be mentioned. Given the high power ratings of the current LCC, i.e., >2GW, the use of conventional IGBTs for implementing the FB arms of the hybrid converters is not a realistic option. More specifically, in the case of the SAC and SDC the FB arms must carry the full LCC current. Moreover, the current requirements are even higher for the FB arms of the PAC, especially if transformers are not utilized. For the SPM, the current rating of the FB arms is the highest, since the FB MMC must both provide the required reactive power to the LCC, and contribute to the active-power transfer. Therefore, all hybrid converters presented in this paper have a common design limitation, which is the selection of semiconductor devices for handling quite high currents. Since commercial IGBTs cannot handle such currents, the best candidate for hybrid topologies is the IGCT.
VI. DISCUSSION
Another interesting feature of the SPM topology is that the oversizing of the FB MMC could be used for boosting the dc-link power, if reactive-power consumption of the LCC is not an issue. Note that this oversizing originates from the need to compensate the minimum reactive power of the LCC. This feature is referred to the regions of the PQ area that are beyond the ideal curve and is termed active-power boosting mode. Therefore, if there is no need to compensate the reactive power of the LCC, the full apparent-power rating of the FB MMC can be used for boosting the dc-link power transfer over 1 p.u. Furthermore, if the active-power boosting is not needed, an FB MMC with apparent-power rating equal to half of the dc-link power can be used. In such case, the PQ curve of the SPM could still be significantly extended than that of the LCC. Consequently, the SPM topology offers interesting possibilities for upgrades of existing LCC-based HVdc links, such as the replacement of one pole of a 12-pulse LCC-based HVdc station with an FB MMC.
Note that the FB arms of each hybrid topology can be used for additional functionalities, such as active filtering. More specifically, in the case of SAC, SDC, and SPM topologies, injection of suitable harmonic voltages may be employed for actively smoothing the dc-link voltage. Consequently, the dc-link harmonic currents can be effectively mitigated, leading to reduced electromagnetic interference and/or more relaxed design requirements for the dc-link inductor. In fact, the active filtering should address low-order harmonics that the inductor cannot eliminate effectively. Therefore, the FB arms can operate at low switching frequencies-for minimizing switching losses-and the inductor can be designed for filtering high-order harmonics.
Similarly, in the case of PAC and SPM topologies injection of harmonic currents may be utilized for active filtering of the current on the ac side. Again, the FB arms can be controlled to actively filter low-order harmonics, for which passive filters are rather bulky and costly, if sharp cutoff is required. Thus, the main benefits of active filtering on the ac side are smaller footprint and sharp cutoff of low-order harmonics that could propagate to the grid. The latter can be particularly advantageous if the hybrid converter is to be connected to weak grids. A notable flexibility offered by the PAC is that the active filtering and the reactive-power compensation functionalities can be decoupled and achieved by separate FB converters. In this way, each converter can be tailored to the associated functionality. In summary, even though the active filtering options were not analyzed in this paper, they open interesting questions for future studies.
VII. CONCLUSION
In this paper, four different hybrid topologies combining an LCC with FB arms were presented and compared in terms of combined-power rating and PQ capability. The comparative results show that the SAC requires the arms with the minimum rating. However, the arms of the SDC and SPM can be used to reduce the rating of LCC. Moreover, the PAC and the SPM are more flexible in terms of PQ capability, as the control of active and reactive power could be decoupled within the limits defined by the rating of the FB arms and FB MMC, respectively. Due to this, on-load tap changing could be eliminated for the PAC and SPM topologies. The main difference between these two topologies is that the FB MMC in the SPM is capable of handling half of the active power of the dc link and thus, the LCC power rating can be reduced to half. Finally, the overall comparison of the studied hybrid topologies showed that the PAC and the SPM can prove good alternatives to the pure FB MMC, especially in cases where the required ϕ is low. 
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